Infrared thermography shows that the joint between the cathode grid stack and the cell tab is a source of Joule heating within a lithium-ion pouch cell. This can exacerbate thermal gradients within the cell core if the C-rate is sufficiently high. This paper studies the heat generated at the cathode tab joint of a 14Ah lithium iron phosphate (LFP) pouch cell. The heat generation was quantified by using an energy balance equation and the average heat transfer coefficient was calculated by modeling the cell as an isothermal vertical plate in natural convection. The influence of this heat on the cell's thermal gradients was studied during a 3C and 8C rate of discharge. It has been found that removal of this heat at its source can appreciably lower the overall average surface temperature of the cell. However, at a 3C rate discharge, the removal of this heat can induce a greater thermal gradient within the cell core. At an 8C rate of discharge, there is a minimal improvement in the temperature gradient. As a result, a thermal management system which incorporates cathode tab heat removal would most likely be an ineffective design feature. Maintaining uniformity of temperature between cells is an important factor in the thermal management of lithium-ion batteries. It is desirable for this variation to be in a tight range.
Maintaining uniformity of temperature between cells is an important factor in the thermal management of lithium-ion batteries. It is desirable for this variation to be in a tight range. 1 Rugh et.al. stated that temperature gradients should be kept to less than 3
• C to 4
• C throughout the battery pack. 2 Failure to meet this criterion has a direct effect on decreasing the battery pack life. In addition, they also advocate an operating temperature range of 15
• C to 35
• C for the pack. Excursions beyond this range have repercussions as well. It has been found that the lifespan for a lithium-ion cell is reduced by approximately 2 months for every degree of temperature rise while operating in a temperature range of 30
• C to 40 • C. 3 Capacity and power degradation is also accelerated at elevated temperatures. [4] [5] [6] [7] [8] [9] The lithium iron phosphate (LFP) cell chemistry is gaining wide acceptance in electric vehicle applications. 10 Its inherent ability to tolerate abusive conditions and resist thermal runaway is especially attractive to battery pack designers. Battery manufacturers have responded by offering high capacity cells in a pouch format. This format affords better packaging efficiency and offers a very favorable area-tovolume ratio to facilitate thermal management. As a result, this work uses a high capacity LFP pouch cell.
The temperature near the cathode terminal of a pouch cell is consistently higher than that at the anode, due to differences in the thermal conductivities of the metals used as current collectors. This is true regardless of the particular lithium-based electrochemistry being used. The higher electrical resistivity of the aluminum used in the positive electrode as compared to the copper negative electrode (about 37%) creates a greater source of Joule heating between the two. An additional factor is the thermal contact resistance that comes from the joining process of the grid tab stack. Typically, ultrasonic metal welding of the grid tabs is performed during the assembly of the cell core. 11 This manufacturing process may result in localized microscopic gaps between mating tabs in the stack and decrease the effective area for current flow. There are other joining methods available (e.g. resistance spot welding and laser beam welding) but the materials and tab joint design often cannot meet the process requirements. 12 In some high capacity cells, the tab stack is too thick for ultrasonic welding alone and a secondary operation is needed that involves a riveted bar joint to provide added clamp load. The necessary creation of rivet holes in the grid tab stack only reduces the effective area even more.
The thermal image in Figure 1 shows that the stack joint on the cathode tabs is always the first "hotspot" to appear on the cell face during either a charge or discharge cycle. The same thermal image of the anode side, however, shows that its temperature increases at approximately the same rate as the rest of the cell. Any temperature increase in this area is mainly due to heat transmission from the cathode.
Thermal management of pouch cells on a module level is done by several different methods that can be categorized as being either liquid or air cooled. Direct-liquid cooling with heat exchange plates placed between each pouch cell is one type of design and is used by the Chevrolet Volt. Direct-air cooling of the module is another approach to thermal management in which a fan circulates air around each module and is the one employed by the Nissan Leaf. In the other category, indirect liquid cooling of the module, as the name implies, transfers heat from the cell to the working fluid via conduction through an intermediate component. Phase change materials (PCM) have been investigated for the potential to be used for battery cooling. 13 However, PCMs are not widely used due to the temperature at which the phase change occurs. It can be difficult to find a PCM with an adequate thermal conductivity and the right melting point to be useful in battery cooling under all operating conditions. The purpose of this study is to quantify the effects on the average temperature and temperature gradients of the cell face due to resistive heating of the cathode tab stack at different rates of discharge. This will help decide whether or not an opportunity exists to design an effective thermal management system that focuses on controlling the heat generated at the cathode grid tab stack.
Experimental
The research investigated heat generation of a lithium ironphosphate (LFP) pouch cell from Energy Innovation Group (EiG). This commercially available cell uses a graphite anode and is encased in a laminated aluminum pouch. The cell specifications are listed in Table I . As done in past studies by other researchers, it is assumed that thermal properties are isotropic. 14 The specific heat, c p , of the cell was measured by an isothermal calorimeter as a function of temperature. This function was found to be:
where c p is measured in Jg −1• C −1 and T cell is the average cell temperature (
• C) The cell was initially at ambient temperature within a draft barrier without ventilation. The cell was fully discharged from 100% State-ofCharge (SOC) at a constant current. It was held in a vertical orientation and underwent natural convection during cycling with the long edge of the pouch parallel to the ground. The temperature of the cell surface was recorded with a FLIR SC325 infrared thermal camera with an accuracy of ±2
• C. Special caution must be taken in order to take the accurate measurement using the infrared camera. For example, the cell was coated with a white boron nitride spray. This was done for two reasons: 1) to meet the minimum emissivity requirements for infrared measurement and 2) to avoid the camera's reflection on the pouch from being recorded by its sensors. This is a crucial step. As the emissivity deviates from the ideal blackbody, the IR camera signal loses its fidelity due to reflective components. 15 As a ceramic spray, the boron nitride crystals create an extremely thin and diffuse layer on the cell face. It is used for this purpose in thermo graphic studies of electrical components by the National Renewable Energy Laboratory (NREL) and Army Research Laboratory. 16 Even though only one cell face is presented to the infrared camera, it was important to ensure that both sides have the same highly matte surface (ε = 0.90). As opposed to carbon black or spray-on paints, boron nitride has the advantage of being easily removed with soap and water. The assumption of identical thermal behavior of the cell faces requires this condition. The cell tabs were masked prior to spraying to ensure that they remained clean for electrical connection. A 10-channel Maccor Model 4200 System cycler was used to discharge the cells and acquire data.
Removal of the cathode tab stack heat was accomplished by attaching a cold plate directly to the cell as shown in Figure 2 . The CP-25 copper cold plate from Lytron Inc. has a unique gull-wing design for operation in small spaces. Compressed air flowing at a constant 30 SCFM and 23
• C was used as the working fluid. This was due to better safety and ease of setup as compared to using circulating water. Thin copper foil strips were used as a thermal interface material between the cold plate and the uneven pouch surface adjacent to the cathode grid tab stack. This served to bridge any air gaps and improve heat transfer.
The cell was clamped along its sealed edge by a vise with insulated grippers. The cell was positioned so that the longer side was presented as the leading edge of the boundary layer. This was done to encourage laminar flow by minimizing the characteristic length. The cold plate was held in place against the cathode grid tab stack by spring-loaded hand clamps. Figure 3 shows the front and rear views of the setup. Unfortunately, the discharge current of every test run exceeded the 30A limit of the test channel. As a result, it was necessary to connect the electrical leads from several channels to the tabs. The entire setup was later enclosed by partition walls to block air drafts. Natural convection is a required test condition as the temperature gradient within a cell increases with increased surface convection. 17 The experimental procedure can be summarized in the steps listed below:
1) Fully discharge cell in natural convection at 3C rate of constant current without a cold plate on the cathode grid tab stack. Record data with the infrared camera. 2) Record cell surface temperature during 3C discharge from 100% SOC with the air-cooled copper heat exchanger attached on cathode grid tab stack. 3) Use the temperature profile to calculate the h values for each data point. 4) Calculate the heat generation within the cell for each test run. 5) Determine the resulting heat contribution due to the cathode tab resistance. 6) Determine difference in cell thermal gradients between the two setups using FLIR software data analysis. 7) Repeat Steps #1 -#6 during an 8C discharge of the cell.
Theoretical Analysis: Heat Generation
Determining heat rates.-There are two types of heat sources within an operating cell: reversible and irreversible. Reversible heat (or entropic heat) can either be exothermic or endothermic in nature depending on the SOC of the cell and the direction of current flow. Irreversible heat is always exothermic and is due to the resistance of the inner components to conduct electron and ion flows. Combined, these resistances constitute Joule heating. A portion of the resistance to electron flow resides in the joint formed between the current grid tabs and the terminals. In short, for a cell that has no cooling plate applied to its cathode tab, this relationship can be stated as: Q Joule =Q cell core +Q anode tab +Q cathode tab [2] The total heat generated within the cell core is the sum of all sources of heat from that assembly (resistive, polarization, and entropic). Cooling the cathode tab would have the effect of removing the last term on the RHS of Eqn. 2. It is assumed that the cathode tab joint resistance is constant between the cooled and uncooled setups for both the 3C and 8C discharges. It is also assumed that the average cell surface temperature is an acceptable measurement for the volumetric temperature. As a result, the task of determining the heat generated under various rates of discharge can now be done with the use of the following energy balance equation:
where, m is the cell mass (g), dT cell /dt is the rate of temperature change of the cell surface as a function of time during discharge, h is the natural convection coefficient (Wm
, A is the surface area of the cell (m 2 ), and the last term quantifies the heat loss through radiation.Q tab represents any heat loss that may occur through tab cooling. While there is tab cooling, the quantity of removed heat will result in a lower cell temperature.
Determining the convection coefficient: h.-Obtaining an accurate value for the convection coefficient of a body in a transient state is difficult to do yet it is of the utmost importance. Some analytical approaches, such as the lumped capacitance model, are available that will yield an average composite h value for an isothermal body undergoing a cooling or heating process. This composite parameter is the total effect of not only natural convection but also of radiation. However, this composite value has two caveats: 1) it assumes no internal heat generation and 2) is considered to be constant throughout the process regardless of the temperature difference between the body and fluid. To apply these conditions to the experimental setup would undoubtedly introduce error into the results.
In order to avoid this error, the cell was treated as a vertical plate in natural convection. Based on measurements of the ambient air conditions and cell face temperature, psychrometric properties were found. These, in turn, were used to calculate dimensionless parameters (e.g. Prandtl, Rayleigh, and Nusselt) which had physical interpretations that related to conditions in the boundary layer. All fluid properties in the boundary layer are evaluated at a temperature that is the average of the cell surface and ambient air. This yielded the average natural convection coefficient of the cell for each temperature data point by using the following formula:
where Nu is the average Nusselt number and is found by Eqn. 5 for natural convection, 19 k f is the thermal conductivity of the boundary layer fluid (Wm where Ra is Rayleigh number and Prandtl is number, which are determined based on the measured air properties. The Rayleigh number is associated with buoyancy driven flow and is found by the following:
where g is the acceleration due to gravity (9.81 m/sec 2 ), β is the thermal expansion coefficient of the fluid (K −1 ), υ is the kinematic viscosity (kg * m −1 sec −1 ), and α is the thermal diffusivity (m 2 /sec). The Prandtl number is the ratio of the viscous diffusion rate to the thermal diffusion rate of the boundary layer fluid. It is defined by:
These thermodynamic properties were compiled for each temperature data point throughout the discharge in a spreadsheet program developed by the researchers. The spreadsheet formulas were validated by comparing the calculated thermodynamic properties to those yielded by a website that offers a professional-quality psychrometric calculator. 20 This calculator uses real gas formulations developed by Hyland and Wexler and is approved by the American Society of Heating, Refrigeration, and Air Conditioning Engineers (ASHRAE).
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Validating the computed convection coefficient.-The next task was to check the accuracy of the convection coefficient in an experimental setup. A heat calibration cell was used that comprises of two thin aluminum plates to mimic the cell faces and eight Kapton heaters mounted within the assembly to provide a known heat generation. Figure 4 shows the construction of this assembly. With constant heat generation, the assembly was allowed to reach steady-state with its environment while suspended in a vertical orientation. Once this was attained, it can be established that the total heat loss through convection and radiation must be equal to the known heat generation of the heaters. At thermal equilibrium, the rate of heat storage (first term on the RHS of Eqn. 3) becomes zero and it conveniently becomes unnecessary to calculate the specific heat capacity for the calibration cell assembly.
Temperature measurements derived from a snapshot of an infrared image of the calibration cell were analyzed. After inputting the relevant parameters, temperatures, and test conditions into the spreadsheet model, the model predicted the resulting h value of the calibration cell. This was then inserted into the following classic heat convection equation:Q conv = h avg A (T cell − T ∞ ) [8] When the predicted heat from Eqn. 6 was compared to that produced by the heaters, the values were within 7%. A data plot of the h values calculated during both the 3C and 8C rates are shown in Figures 5a and 5b respectively. Determining the dTcell/dt term.-The simplicity of equation 3 is detracted by the difficulty in obtaining an accurate and representative value for the dT cell /dt term. Random signal noise in the temperature reading of the infrared camera becomes more prevalent in the dT cell /dt calculation as the time span approaches zero. This results in a plot of the heat curve with widely varying oscillations. This pitfall was somewhat mitigated by the use of curve-fitting software. As a result, it was possible to replace the fluctuations in the temperature data with a smooth polynomial fit that had a very high correlation to the original curve.
Another drawback to the dT cell /dt term is that it characterizes a surface phenomenon while the heat generation is a volumetric phenomenon. There is an unavoidable time lag of the cell surface response to the electrochemical processes occurring within the bulk mass. This disparity becomes greater at higher C-rates due, in large part, to the relatively low thermal conductivity of the cell along its thickness.
Results and Discussion
One feature of the FLIR software is the ability of the user to designate a Region of Interest (ROI). By creating and positioning a ROI on the thermal image, the user can have the software perform a variety of statistical analyses on only those pixels that are contained within it. In this study, a rectangular ROI was positioned to encompass the cell pouch perimeter. This allowed temperature data to be analyzed not only for the entire cell face but its exact center point as well. No attempt was made to ascertain the core temperature of the cell during testing. Thermography is only capable of measuring surface phenomena. However, this particular pouch cell is thermally thin and it is assumed that it can be treated as a lumped mass. The frame frequency for the FLIR camera was 9 Hz.
Results: 3C discharge.-In Figure 6a , the average overall surface temperature is lowered by less than 1
• C due to cathode cooling. As shown in Figure 6b , the temperature at the center of the cell face was nearly unaffected by the removal of cathode tab heat. This indicates that the driving force was almost too weak for the heat to conduct to the cell face center throughout the entire discharge. Figure 7 shows thermal images of the cell at the end of a 3C discharge with and without cathode tab cooling.
At a 3C discharge, cooling the cathode tab stack has a minimal effect in the overall heat generation. Figure 8 shows the calculated heat rates within the cell core being relatively close with each other. On average, the cell with a cooled cathode tab had a heat rate that was approximately 1.05W lower than that of the uncooled cell (8.74W vs.
9.79W respectively).
Results: 8C discharge.- Figure 9a summarizes the average surface temperature data for the 8C discharge rate. Here, the average cell surface temperature was 5
• C higher (52.5
• C vs. 47.5
• C) due to the presence of cathode tab heat. Note from Fig. 9b that the heat from the cathode grid tab stack influences the average cell temperature and the center of the cell surface after approximately 11% DOD. It appears that the benefits of lower cell temperatures due to the cooling the cathode grid tab stack are only evident at high rates of discharge.
By applying Eqn. 3 to the data, heat generation within the cell core throughout the discharge was calculated for each trial run. The results are presented in Figure 10 . The average difference between the two heat rates is approximately 6.75W (47.93W for the uncooled vs.
41.18W for cooled).
Validating the calculated heat from the cathode tab.-In theory, the cathode tab heat should have a ratio of 7.11 between the 8C and 3C discharges (8 2 /3 2 ) since the Joule heating varies as the square of the current flow. The empirical data shows this ratio to be (6.75W/1.05W) or 6.43. This is within 10% of the theoretical value and is, therefore, in good agreement. This ratio is based on the assumption that the heat generation within the core assembly is the same regardless of whether the cathode tab is being cooled or not. As shown in Figure 6 , the average surface temperatures are closely alike between the cooled and uncooled cathode tabs during a 3C discharge. Therefore, this assumption holds reasonably well. However, the same cannot be said for the 8C discharge. For the cell with an uncooled tab, the heat generation within the core should in fact become increasingly reduced as compared to its cooled tab counterpart. This is due to the increasingly higher temperature difference between the two as the discharge proceeds. Higher temperatures lead to better kinetics and, consequentially, lower heat generation. Therefore, the difference between the two heat curves in Figure 10 cannot be attributed solely to cathode tab heat. There is some unknown reduction of heat generation due to the improved kinetics and it has the effect of suppressing the true value of the cathode tab heat. A larger cathode tab heat value for the 8C discharge is directionally correct as it would tend to reduce the 10% gap between the theoretical ratio and the empirical ratio.
Comparison of temperature gradients.-Comparing average surface temperatures of each cell tells an incomplete story. Temperature gradients are also important. A cell that has an evenly distributed temperature (no gradients) has a chemical reaction rate proceeding evenly. However, a cell with sizeable temperature gradients has some areas of the cell core depleting prematurely and hampering performance. Even though two cells may have the same average surface temperature, the one with a greater temperature gradient is at a disadvantage. The effect that cooling the cathode tab has on thermal gradients is now investigated.
For each test run, the point at which the cell exhibited its maximum temperature gradient was identified. These thermal images were then compared to each other. The FLIR software has the capability to quantify the standard deviation of the temperature gradient over the surface. Analyses shows that for 99.7% (three standard deviations of an assumed normal distribution) of the cell surface, the highest temperature gradient during a 3C discharge was (3 × 1.22
• C) = 3.66
• C with a cooled cathode. For an uncooled cathode grid tab at the same C-rate, it is (3 × 1.05
• C) = 3.15
• C. The removal of cathode grid tab heat actually induces a slightly higher temperature gradient across the cell surface at a low C-rate discharge. The benefit of reducing temperature gradients by cooling the cathode tab stack is only slight. At an 8C discharge, the cell surface has merely 0.76
• C less of a temperature gradient when the cathode tab is cooled. The results are summarized in Table II . 
Conclusions
Temperature and temperature uniformity both significantly affect the performance and life of energy storage devices and vehicles. This research investigated the feasibility of directly removing the heat generated at the tab joint of the cathode grids. The cathode was chosen to be studied since it generates significantly more heat than the anode. For this study, the use of a convection coefficient value derived from a lumped capacitance model was avoided because it was assumed to remain constant throughout the transient process. Instead, values derived from analytical equations in thermal boundary layer theory were used. This allowed a unique h value to be calculated for each temperature data point and yielded truer results.
The benefit to cell performance of removing the cell grid tab stack heat is not realized during low rates of discharge. During a constant current 3C discharge rate, heat from the cathode grid tab stack does not have the driving force to influence the temperature at the center of the cell throughout the cycle. Also, at 3C discharge, removing the cathode tab stack heat actually results in the increase of temperature gradients on the cell surface. It appears that the proximity of this heat source works in conjunction with the heat of electrochemical reaction in the cell core to minimize thermal gradients.
During an 8C discharge, the cathode tab heat begins to appear at the center of the cell face at 11% DOD. At this point, the combining of thermal loads attenuates the temperature gradients on the cell surface. Although cooling the cathode grid tab stack lowers the overall cell temperature by approximately 5
• C, it has minimal benefit in reducing the statistical temperature gradient on the cell surface itself. Anode grid tab stack temperatures do not appreciably rise more than what is observed within the cell mass and does not warrant any cooling.
It should be noted that this temperature difference will also induce the cell core to generate less heat due to improved kinetics by some unknown amount. Care must be taken when making comparisons between the cooled and uncooled test runs and attributing any difference solely to the cathode tab heat. Quantifying this effect would require calorimetric testing.
